The ALS (Alternating·Layer·Spin) model, which successfully describes the nucleon structure accompanying rc 0 condensation, is naturally extended to include the isobar L1 (1236 MeV) component in neutron matter. In this extended model the fermion structure is described in terms of the quasi-baryon operators represented by superposition of neutron and Ll. Main effect of the inclusion of L1 leads to the increase of energy gain caused by the phase transition as a result of enhancement of the effective coupling constant between pions and quasineutrons. Effects due to short-range modification of the interaction between baryons (N-N, N-LI and Ll-Ll) are introduced in a unified way with a form of spin-spin interaction. Energy, critical density, localization aspect and n-LI mixing ratio are studied in the mean field approximation, by paying attention to their dependence on short-range effects. The results are shown to be very sensitive to the strength of short-range correlation which reduces the energy gain. § 1. Introduction
Such a line of approach was studied by Pandharipande and Smith, 5 l who assumed the three-dimensional localized state and adopted the potential picture incl uding repulsive core. They showed the lattice structure of (neutron+ Ll) system becomes lower in energy in comparison with the fluid structure of neutron system, although the energy itself thus obtained is higher than the values obtained from ordinary neutron matter calculations, e.g., the reaction matrix calculations, in the vicinity of the normal density p0• In order to realize the n° condensation for the ALS-type source function, the one-dimensional localization with the specific spinorder is indispensable but the three-dimensional localization is not necessarily required. In the Pandharipande-Smith model the localization in the two-dimensional space perpendicular to the spin quantization axis is supposed to be caused by the geometrical caging due to repulsive core. However, calculations on the problems of solidification showed that three-dimensional localization due to the caging mechanism is hardly realized, as far as the density p is lower than 10p 0• 6 ) Therefore we adopt the one-dimensional ALS structure in the present model to include the L1 component as the most straightforward extension of the previous ALS model without Ll. *) As often adopted, we treat the L1 as an elementary particle described by the Rarita-Schwinger field.
To make the model realistic, it is necessary to take account of the short-range effects between baryons. It has been often discussed that the short-range correlation due to core-like repulsion between baryons brings about large modification to the pion condensation. Here, to simulate such short-range effects to the pionbaryon interaction, we introduce a "minimal baryonic force", which is the natural extension of the "minimal nuclear force" used in Ref. 8) . The form of this force is determined so that the a-function part of the OPEP between baryons is cancelled out by the expectation value of the force, when its strength is properly chosen to give the Lorentz-Lorenz effect.s),g) This force is represented in a form of two-body spin-spin (or axial current-axial current) interaction. 4 ) In the next section, formulation of the ALS model describing n° condensation in neutron matter with mixing of A 0 is given and a "minimal baryonic force" to simulate short-range effects is derived in the potential description, where we have an extended OPEP between quasi-neutrons. In § 3 we propose a model, which is a natural extension of the [ALS] model to take the role of A-mixing into account.
In this model, we calculate the n° field expectation value, single-particle energy of quasi-baryons, N-L1 mixing ratio and total energy of the system. Some detailed parts of calculations in § 3 are given in the Appendix. Numerical results are *l Although there has been suggested by Migdal'l the possibility of three-dimensional localized states associated with 7r 0 condensation which are almost degenerate with the one-dimensional ALS state, we do not consider such versions in this paper. More important effects are expected to come from the possible roles of the charged-pion condensation which does not disturb the 71: 0 condensation. There are the problems to be studied more concerning this point, although a possible model of such coexistence of two condensations has been proposed.'l shown and discussion is given in § 4. The last section is devoted to summary and concluding remarks. § 2. Formulation of ALS model describing -n: 0 condensate with J In this section formulation of the n° condensate with the Ll component is given by making use of the quasi-baryon representation. Then energy formulas of the system are expressed in two ways, as in the case without L/,n namely in the potential description (PD) and in the field description (FD), where "effective spin density" and "generalized spin" are introduced, respectively.
Quasi-baryon representation
We start with the following Hamiltonian for the (n (neutron)
where the free Hamiltonians of n, L/ 0 and n° are (2 ·1d) and H 1 represents the interaction part:
HL stands for a minimal baryonic force to represent the effects of short-range correlation, which is given later. Here </JN, </JJ and (fJ0 represent the neutron, L/ 0 and n° operators, x stands for (r, spin, isospin) and MN, Md and mn denote the masses of nucleon, isobar and pion, respectively. The mass difference MJ-MN =2.1 m, is denoted by oM. ], g and h stand for f/m., gjm, and hjm., respectively. We fix P = 1.0 and take g 2 = 72/25 and h = 4/5 which are determined from the SU(4) quark model.lOl The value g 2 =4.0 which explains the experimental width of L1 is also used for comparison. S (T3) is the transition spin (isospin) operator and I (@3) is the spin (isospin) operator of L1. 10 l.lll In the 17° condensate with Ll, which is realized as a result of instability of the spin-isospin mode of baryons (n particle-n hole+ L1 particle-n hole ), 2 l the baryonic system is described as quasi-baryons, which have six components (,u=1, ···, 6) because of the mixing of n and Ll. We denote the basic functions and single-particle operators of the quasi-baryons by /;~~) (x) and abp (t), respectively, where b stands for the other quantum numbers than {!. \Vhen the !71VL1-interaction is switched off, quasi-baryons tend to n and L1: (;b~J ---' >i;bJl and abp (t) ---'>Cbj (t) with j = 1, · · ·, 6 where we use the vector notation with respect to the six components. If we take an assumption that there is no essential mixing for the quantum numbers b and b', the transformation is restricted to the mixing with respect to the particle species (n and Ll) and the spin components; we have (2. 3)
Operators are related to each other as ab" (t) = :L; U1bJ*C bj (t) and C bj (t) = l'. U1bJab" (t).
In the case where the condensed 7r 0 field <<Po (r)) depends only on z (the rr 0 condensed momentum is in the z-direction), n and L1 with the same spin projections (m=k/=1/2, -1/2) can be mixed by the interaction among the condensed 77" 0 . n and Ll. In this case, the unitary matrix can be simplified as
namely the transformation is limited to two (2 X 2) transformations. We denote these specific quasi-particles as lj-and (-particles which we call quasi-n and quasiLl, respectively. Basis functions can be simply written as, by denoting /3= (b, m = M = ± 1/2) and specifying explicitly particles,
with u/ + v/ = 1. Then the operators are given by the operators of n and L1 as follows:
The quasi-baryons are the good single-particle eigenmodes to diagonalize the Hamiltonian, and we can write
The ground state of the total system is represented by the direct product of the fermion ground state lrPF) and the boson (n°) ground state lrPB) representing a coherent state : 12 l (2·6)
The basic assumption we take is to suppose that lrPF) can be well described as a 
where the exchange terrns are omitted.
Using Eqs. (2 · 3), (2 · 4) and (2 · 7) we have which we call "generalized spin". The factors, V2/3 and 1/2 come from the matrix elements of the isospin parts : 10 )
We use !) to represent operators in the spin space and !) to represent those involving creation and annihilation operators. ferr will be determined later in the form,
Substituting (2 ·13) into (2 ·12), we have
is the OPE-potential between the quasi-baryons (r;-particles). Then the central-, tensor-and o-part of the potential are given respectively as where and with
The short-range correlation--"1\.finimal baryonic force"~~
It is commonly believed that there is strong short-range repulsion between baryons. This effect reduces the relative wave functions near the origin, and consequently the OPEP o-part is suppressed. Accordingly, a minimal way to include such short-range effect of baryonic forces is to eliminate the OPEP o-part or to add the force which cancels out this part. In this sense, we may call such force "minimal baryonic force", following Baym and Flowers. 8 l We identify this force with HL in Eq. (2 ·1e). To get the explicit form of HL, let us calculate the ground-state expectation value of VaoPE (1, 2):
We write (2 ·19) m the opera tor form, and define
where .9' (r, t) IS the "effective spin density" given by (2 · 9). If we choose gL = 1/3, the introduction of HL in the MFA (mean field approximation) corresponds to the removal of the OPEP o-part. As is well known, such introduction of HL brings about the Lorentz-Lorenz (Ericson-Ericson) correction.sl,gl To determine gL reliably is an important current problem. 131 Here we treat gL as a parameter. We performed calculations for gL = 0, 1/3, 0.5, 2/3 to investigate the dependence of various quantities on the short-range correlation between baryons. § 3.
[ALS] structure including J
--111odel Calculation--
In this section we give a model of the baryon system accompanied with rr 0 condensate. With this model we investigate the TC 0 field, single-particle energies of quasi-baryons, u-v equation (mixing ratio of n and .:1) and the energy of the system and short-range correlation effect.
As the baryon configuration I([)F), we take the one-dimensional localized [ALS] structurev with one-particle basis for n and L1: where we used the notations (3= (qJ., l) , qJ. = (qx, qy), r= (x, y) and Q J. for the two-dimensional normalization volume. We take the Gaussian form for ¢~<il (z) as a reasonable choice for the well-developed phase, on the basis of the results in the (nucleon+ 7r 0 ) system : 1 ), w (3 ·1d) where i = n, L1 and d is the layer distance. Choice of the Gaussian-type wave function is based on the observation that if 7r 0 field has the form of sin k,z, the single-particle potential for baryons is proportional to cos k,z, which can be approxi- Because S·l'rpc(r)=Szl'z<Pc(z) and (Sz)Jfm=(10~mi~M)=O ,wm.J2;3, the spin projection of a L1 is the same as that of the neutron which couples with the Ll. The L1 in a layer couples only with the neutron in the same layer in our model.
Then .I:L = (1/2) rJz. The structure of (n + Ll) system thus obtained, which is a natural extension of the ALS structure of pure neutron matter, is illustrated in Fig. 1 .
Applying Fourier transformation to the source function .9'c (r) in (2 ·13), we
.Jcr-ZL...J 13 -e ,
where z 1s the unit vector in the z-direction and and the small value of h = 415 make the iTA A interaction less important. Now we can solve the field equations for baryons by making use of (3 · 7a) 0../ (3 · 7c). From them we have
This explicitly shows that the short-range correlation HL plays the role of the reduction of the potential for baryons. Multiplying ~~ (i) (i = n, Ll) from the left to (3·2b) and (3·2c), we get
where under the assumption T>2 we write as 
By the use of (3 ·12a The effect of short-range correlation (in the sense of "minimal baryonic force") appears as 9L in the last terms in Eqs. (3 -14a) and (3 ·14b). The role of 9L is the strong reduction of the condensation energy: If we can take only the term of m = 1 (the lovvest harmonics approximation) in the summation over in Eqs. (3 -14a) and (3 -14b), the case for 9L = 1/3 which just corresponds to the elimination of the OPEP a-function part, causes the reduction of the condensation energy by a factor about 2/3 compared with the case for gL = 0. § 4. Numerical results and discussion Since we primarily aim at showing that the [ALS] model of the nucleon system accompanying n° condensate can be extended to include the isobar, we firstly perform calculations in the lowest harmonics approximation (LHA) : We take only the term of m=1 in (3·7a), (3·8), (3·9e), (3·14a) and (3·14b), namely by neglecting the higher harmonics (h.h.) of the n°-field. The LHA is valid when the ratio of the second harmonics contribution relative to the lowest one, R=exp[ -4n'/T], is less than 0.1. This demands r<15.
We take the following procedure: 1) For given d and r, u and v are solved from Eqs. (3 ·12a"-'c), 2) these u-v factors are used to calculate feff and (E/ A), 3) the dM and rflf minimizing Ej A are searched by repeating the procedure 1) and 2), and 4) the dftr and r,,r thus obtained are employed to calculate E&~l. E&~.
Jeff and so forth.
Numerical results are shown in Table I The shaded parts and horizontal lines indicate the energies of the states occupied by ·1-particles and the lowest energies of (-ones in the case t7L=0.5, respectively. kinetic energy due to the n-J mass difference 15111~ 300 MeV but 4~5 times increase in the condensation energy clue to the large effective coupljng constant (Fig. 3) .
(3) Lowering of the critical density p, ;* 1 for example, vvith gL = 0.5, p, Is lowered to about 2p0 from about 5p0 by the inclusion of J (see Table I ).
( 4) Weakening of the sensitivity of p, to short range correlation parameter gL; Pc is about 2p0 for neutron matter and about Po for (n+J) matter in the case gL = 0 and mcreases with gL. Pc becomes higher than 6p0 for the former although not tabulated and about 3p0 for the latter in the case gL = 2/3. Then we can say that p, is sensitive to the strength of the short-range correlation for both matters but the sensitivity is weakened by the inc! usion of J. A similar effect has been found in the charged pion condensation. 161 Table I . Density dependence of dM, T,,r, the kinetic, condensation and total energy per baryon of (n +.d) system (the left side of each column) and pure neutron system (the right side of each column), .d-mixing ratio and effective coupling constant in the case gL=O, 1/3 and 0.5 in the LHA. The following coupling constants are used, g'=72/25 and h=4/5. The bars indicate that the ALS phase is higher in energy than pure neutron Fermi gas state.
The effects of the change of g 2 from 72/25 to 4.0 lead to more enhancement of fer~> more increase of the condensation energy and the lowering of the critical density Pc from about 4p0 to about 3p0 in the case gL = 2/3, as shown in Table II .
To treat width parameters an and a. independently will lead to more energy gain than that obtained in the present calculations, because the space covered by variational wave functions becomes wide. In principle, the present model can be extended to include such effect although the corresponding expressions become much more involved. We expect that the essential aspects obtained here are not seriously changed by such a modification.
A more important problem is indicated by the results in the LHA; the large values of r cr>15) to give energy minima appear for the case that 9L is not SO large (gL<l/3) and the density becomes high. In such a case, the LHA is not valid, and we should take account of the contribution from the higher harmonics. Problems concerning the effects clue to the higher harmonics are now under investigation. for n' condensation or transition to ALS phase of pure neutron matter has been found higher than 6po. The bars indicate that the ALS phase is higher in energy than pure neutron Fermi gas state. The results obtained in this article are summarized as follows. 1) The [ALS] structure which has been studied as a model of nucleon system accompanying n° condensate can be naturally extended to include J in the way to change neutron in the [ALS] model without L1 to quasi-neutron (the linear superposition of neutron and Ll) .
2) The ground state of the baryon in the n° condensate is the Fock-state built up only with the quasi-neutrons.
3) The inclusion of L1 causes the enhancement of localization of baryons, the large energy gain mainly due to the increase of the effective coupling constant and the lowering of the critical density. 4) Although the mixing ratio of Ll, i.e., v 2 depends on density and the short-range correlation, the typical value for the developed condensate is about 20%, which is much larger than that expected in the conventional nuclear theory for finite nuclei.
5) The short-range correlation between baryons introduced in the form of spinspin two-body Fermi interaction between quasi-neutrons causes the reduction of the effective n: 0 field, the localization of baryons, n-Ll mixing ratio v 2 and the energy gain and the increase of the critical density.
Finally, we want to note the importance of the possibility of the potential description explained in § 2 that it can be used to calculate the exchange effect between quasi-baryons which is the lowest order quantum correction. 
Here we have required that up'= 1 when -;rNiJ coupling is switched off, i.e., g = 0.
To prove that (uv) ~ = ( -1) 1 (uv) q.L, we take a perturbational way as follows. The first term is the n-.:1 difference of the kinetic energy m the x-y direction and neglected in § 3. This approximation is accurate within 8% errors, which has been confirmed by numerical calculations.
